Gold is examined here as an alternative to copper for the selective dehydrogenation of ethanol to acetaldehyde and hydrogen. Despite its high selectivity, gold is only active at temperatures higher than 250 °C for this reaction. We demonstrate that addition of a small amount of Ni on either supported or unsupported Au surfaces induces resistance to sintering, along with a beneficial effect on the catalytic activity. NiAu alloys prepared here with Ni as the minority component to the limit of atomic dispersion in the gold surfaces, catalyze the reaction beginning below 150 °C. A significant decrease of the apparent activation energy from 96 ± 3 kJ/mol for the monometallic Au to 59 ± 5 kJ/mol for the alloy was found. The Ni dispersion and concentration as a function of gas environment was followed by in situ DRIFTS and by XPS. The stability of the catalyst morphology was investigated through post-reaction microscopy imaging and long-term stability tests under reaction conditions. As shown via dynamic reaction experiments, acetaldehyde and H 2 were selectively produced up to 280 °C. A small drop of selectivity at higher temperatures is attributed to the formation of Ni clusters, as proven by CO-DRIFTS on the used sample. Comparison with samples of higher Ni loading, where Ni clusters are formed, clearly shows that they catalyze the undesired full decomposition of ethanol to CO, CH 4 , and H 2 .
Introduction
Ethanol processing has attracted increased interest in recent years, especially because additional amounts of ethanol have become available from biomass treatment (bio-ethanol). Interest in ethanol processing mainly focuses on two reactions, partial oxidation and steam reforming. Both of these reactions have ethanol dehydrogenation as their first step [1, 2] , which is another reaction of industrial importance, since the main product, acetaldehyde, is a building block to produce high added value chemicals [3] . Under non-oxidative conditions, the reaction yields a highly desirable side product, hydrogen, and avoids the separation of water, a necessary and energy-intensive step in oxidative dehydrogenation processing.
Cu-based catalysts have good activity and excellent selectivity for the ethanol dehydrogenation reaction. However, copper is unstable and extensive sintering occurs during reaction even after short times [4] . Efforts to address the issue by adding oxides were abandoned either for environmental reasons, as in the case of chromium oxide [5, 6] , or because of negligible improvement of stability when alkali oxides were introduced [7] . Recently, it was reported that Ni is a promising additive, greatly suppressing the sintering of Cu nanoparticles under reaction conditions, if present in atomic dispersions [4] . Not only is the NiCu alloy formed more stable than copper at high temperatures, but also the addition of Ni in either Cu nanoparticles or nanoporous unsupported Cu resulted in a drastic drop of the activation energy from 70 kJ/mol for bare Cu to 45 kJ/mol for the NiCu alloys.
It is of fundamental interest to examine gold as an alternative to copper for the ethanol dehydrogenation reaction. Gold is known for its high selectivity and its superior stability to copper. Gold, while thought inert for years due to its noble nature [8] , and inertness as a bulk material, is an active catalyst when in nanometer size [9] . Like copper, gold is also highly selective, owing this property to the weak binding of the adsorbates on its surface, as a result of its completely filled d-band [9] . Thus, it has been investigated for a number of selective reactions, such as oxidations [10, 11] , hydrogenations [12] , dehydrogenations [13] , and hydrochlorinations [14] . At the single atom limit, [Au-O x ] − species anchored on CeO 2 were found to catalyze the water-gas shift reaction [15] [16] [17] and the methanol steam reforming reaction [18, 19] . The same is true for gold on other supports, such as ZnO or mixed oxides ZnO-ZrO 2 [20, 21] . Ethanol dehydrogenation itself is catalyzed by atomically dispersed gold on these and other supports [22] . Thus, at the single atom limit, gold was found to catalyze the reaction at low temperatures, maintaining 100% selectivity towards acetaldehyde and hydrogen, even in the presence of water.
Research on catalysis by gold has not been limited to the nanoparticle form, but nanoporous structures of Au alloys with gold as the majority metal have been examined extensively [23] . Nanoporous Au is of interest in mechanistic investigations of reactions, such as selective oxidations, since it can be used in unsupported form and its ligaments comprise single crystals [24] , allowing direct comparisons with UHV studies of gold single crystals. Nanoporous gold is really a dilute alloy, mainly formed by dealloying AuCu [25] or, most commonly, AgAu alloy [24] . The undesired material is dissolved by means of a strong acid, namely nitric acid in the case of Ag [24] . The residual Cu or Ag that is not dissolved, is alloyed with the gold.
The benefits of a bimetallic alloy consisting of gold and another metal were reported in surface science studies by Bessenbacher et al. Au was the minority component, present as atoms on the surface of nickel, effectively suppressing carbon deposition on the Ni surfaces, without affecting the CH 4 activation capability of the catalyst under steam reforming conditions [26] . A practical example of Ni/Au catalysts is the silica supported AuNiO x catalyst, in a core-shell Au@ Ni structure, commercialized by the Asahi Industries in the methanol-methacrolein oxidative coupling reaction to MMA [27] . Combinations of Au with other metals include AgAu [28, 29] , AuCu [30, 31] , PtAu [32] , PdAu [33] [34] [35] [36] , while some of them (Au-Ir) have also been tested in ethanol dehydrogenation to acetaldehyde [37] .
During the past 5 years, single atom alloys (SAAs) have drawn increased interest owing to their unique properties and their ability to escape the Brønsted-Evans-Polanyi relationship [38, 39] . Originating from the first reported work on PdCu SAAs [38] , SAAs have been used to selectively catalyze various reactions [40] [41] [42] [43] [44] [45] . The PtCu SAA system has been found to catalyze the selective hydrogenation of butadiene to butenes [42] , and be resistant to CO poisoning, by virtue of the weaker adsorption of CO on the Pt atoms than on metallic platinum [46] . Addition of Ni atoms into the Cu surfaces prevented the Cu nanoparticle coarsening and also promoted the ethanol dehydrogenation reaction [4] . PdAu SAAs tested as catalysts for the selective 1-hexyne hydrogenation to 1-hexene showed a 10-fold increase in activity, while maintaining high selectivity [47] . Combined surface chemistry and theoretical studies on PdAu and NiAu SAAs [48, 49] have been reported, aimed at elucidating the catalyst function under different reaction conditions.
Non-oxidative ethanol dehydrogenation on gold was investigated by Guan et al., who reported activity for a specific size (5 nm) only of the gold nanoparticles at temperatures higher than 250 °C [50] . It would be of interest to add a second metal into the surface of gold and investigate whether the latter can boost the activity of gold, while maintaining its high selectivity. Au particle growth could also be suppressed by the addition of the second metal.
Nickel, a highly reactive metal, was recently examined in the form of single atoms in other metals for various reactions, including but not limited to ethanol processing [4] and CO 2 hydrogenation [51] . Due to its partially filled d-band centered close to the Fermi level [52] , it is expected to provide the necessary boost to the activity of gold as in the case of the NiCu catalysts [4] . The requirement to keep Ni highly dispersed in the Au surfaces is apparent, because when in metallic form, Ni islands catalyze the undesired ethanol decomposition reaction [53, 54] .
In this work, we investigate the effect of Ni addition in Au on the activity, selectivity and structural stability of the gold catalyst. Supported nanoparticles and unsupported nanoporous bimetallic alloys of Ni and Au were synthesized and examined under ethanol dehydrogenation reaction conditions. We demonstrate a catalyst that has significantly improved catalytic performance compared to its monometallic counterparts, as it exhibits increased activity compared to pure Au at temperatures where Au is inactive, while retaining the high selectivity of the host metal.
Experimental

Catalyst Synthesis
Nickel-Gold alloys were prepared both as nanoparticles (NPs) and in nanoporous (np-) form. Silica supported NiAu NPs were formed following a sequential reduction method, similar to the method followed in recent work on PdAu SAAs [47] . Accordingly, PVP-Au colloids were synthesized as described by Tedsree et al. [55] at PVP:Au molar ratio of 35:1. More specifically, about 500 mg of gold precursor (HAuCl 4 ) is added in a solution containing 50 mL ethylene glycol and 2 g of PVP (MW = 58,000). Inert gas atmosphere is obtained via introducing N 2 or He in the flask. NaHCO 3 is also added followed by an increase of the temperature to 90 °C for 2 h, before cooling to ambient temperature. The wine-red color of the suspension is indicative of the Au NP formation., Nickel precursor (NiCl 2 ) is then added into the suspension until the desired molar ratio of Ni and Au is reached. Small amounts of hydrazine (1.6 mM) and a proper amount (10 μL/mL) of NaOH 1M are added, while the temperature is increased to 50 °C and kept for 1 h, before the mixture is cooled to room temperature. The solution must remain air-free, by constantly flowing inert gas in the flask to displace the oxygen. The fumed silica support used for the preparation of the catalyst is pre-activated and purged from organic impurities by heating it in air at 650 °C for 5 h, suspending it in ethanol for 2 h under stirring and finally sonicating for 1 h. The catalyst containing solution is added dropwise to the support suspension under sonication. The resulting solution containing NiAu/SiO 2 is kept under stirring overnight. After filtration by ethanol and DI water, no Cl − is detected in the filtrate, as confirmed by AgNO 3 testing. The final sample is dried under vacuum overnight and calcined in air at 400 °C for 5 h prior to its use in the reaction, to successfully remove the capping ligand (PVP) and increase the binding of the metal to the support. The gold metal loading on the support was measured to be 5%, in all samples, based on inductively coupled plasma (ICP) elemental analysis.
Nanoporous (np-) NiAu alloys were prepared at the Lawrence Livermore National Laboratory via leaching of a silver-gold alloy, specifically Au 30 Ag 70 , followed by wet impregnation with a nickel precursor. Concentrated HNO 3 was used as the leachant to remove Ag from the Au. The sample appears fully de-alloyed after 2 days, when only traces of the impurity metal Ag are detected by ICP measurements. Wet impregnation with nickel(II) nitrate hexahydrate solution is used to deposit Ni onto the Au surface under freeze drying conditions. Last, a step of annealing at 500 °C for 1 h under hydrogen is used to reduce the deposited Ni. The temperature value is determined based on the temperature needed to decompose the salt (350 °C) [56] , but also to fully reduce NiO into Ni (450 °C) [57] .
Characterization Techniques
The ICP measurements were conducted on a Leeman Labs PS1000 instrument. Prior to the tests, a small amount of catalyst sample is introduced into an aqua regia solution (2-3 mL) to dissolve the metals and then diluted by DI water to obtain the desired concentration of the metal in a neutral pH solution. The amount of nickel in the filtrate corresponds to the equivalent amount of nickel added onto the gold NPs during the preparation step.
X-ray powder diffraction (XRD) tests were performed on a PANalytical X'Pert Pro instrument. Nickel-filtered Cu Kα radiation (λ = 1.54056 Å) was used for the measurements and data was collected for 2θ between 25° and 125°.
High-resolution transmission electron microscope (HRTEM) imaging of the supported nanoparticle samples was conducted on a JEOL 2100 TEM system. A small amount of the catalyst, either fresh or spent, was diluted in ethanol, sonicated for 2 h and then a droplet of the solution was cast on copper TEM grids. The average particle size and the particle size distributions are based on measurements of 200 nanoparticles from different images.
Scanning electron microscope (SEM) images of the unsupported nanoporous materials were obtained on a Zeiss Supra 55VP Field Emission microscope.
X-ray photoelectron spectroscopy (XPS) characterization was performed on a Thermo Scientific K-Alpha system equipped with a monochromatic Al Kα source. The XPS system is also equipped with an argon ion sputter gun for depth-profile analysis. The nanoporous samples were crushed on a mortar thoroughly to a powdery end-point and loaded onto a Cu foil. 80 scans were collected for all samples for Ni 2p and 30 scans for Au 4f. XPS data were analyzed using the Casa XPS software. The spectra were normalized and their fitting was achieved via the product of Gauss and Lorentz, using the Powell algorithm [58] .
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were performed on a Nicolet iS50 FTIR spectrometer equipped with a DTGS KBr detector and a Harrick praying mantis HVC-DRP4 high temperature reaction cell equipped with ZnSe and quartz windows. For CO DRIFTS, after each sample was placed in the cell, it was heated to 350 °C under He flow. At this temperature, the gas was switched to 5% H 2 /He gas mixture flowing at 12 mL/min for 2 h. After reduction, the sample was purged with pure He gas at 350 °C for 10 min and then cooled to room temperature under He flow (20 mL/min). After cooling to room temperature, the background spectrum was recorded under He flow. Pure CO was introduced into the cell for 0.5 h at a flow rate of 10 mL/min and the spectrum was recorded under CO flow. He purge for 0.5 h followed and spectra were recorded at certain times during this period.
Temperature programmed surface reaction (TPSR) measurements were performed to evaluate the catalytic activity of the NiAu alloys under non-oxidative ethanol dehydrogenation reaction conditions. 400 mg sample and 1600 mg sand, the latter being pre-calcined at 800 °C for 6 h, are mixed and loaded in a fixed-bed flow reactor, between two layers of quartz wool plugs. The reactor was heated in a furnace equipped with a temperature controller. The temperature of the catalyst was measured with a K-type thermocouple inserted at the top of the catalyst bed. Prior to testing, all catalysts were reduced under a flow of H 2 (20% in He) with a flow rate of 10 mL/min at 400 °C for 2 h. At this temperature, NiO will be reduced to metallic Ni [57] , and so will NiO associated with gold in a bimetallic NiAu alloy [59] . The typical reaction gas composition was 2% ethanol balanced in He, supplied through a syringe pump and mixed with the inert gas (He), at a total flow rate of 50 mL/min. A typical TPSR cycle consisted of t gradual temperature ramping from ambient temperature to the desired set point, ranging from 200 to 350 °C, at a rate of 3 °C/min. The temperature was kept at the set point for 2 h, followed by cooling to room temperature. Three TPSR cycles are performed for each sample, to check for catalyst stability and results reproducibility. The composition of the effluent gas is followed by a mass spectrometer. The m/z signals 31, 29, 2, 28, 44, 27, 16 and 61 correspond to ethanol, acetaldehyde, hydrogen, carbon monoxide, carbon dioxide, ethylene, methane and ethyl acetate respectively, while additional m/z signals (43, 45, 32) were followed to ensure the validity of the measurements and that no oxygen is present in the system. During the calibration of the instrument, the total contribution of ethanol to other signals that would overlap with it was taken into consideration and the final measurements are corrected by that factor. Stability tests were performed in a similar fashion, when the reaction was running for 50 h at 250 °C for the NPs and 6 h at 300 °C for the np-materials, unless otherwise stated. Kinetic studies were performed by measuring the hydrogen formation rate under steady-state conditions at various temperatures. Samples were initially pretreated in the same manner as in the TPSR tests heating to 250 °C, under ethanol (balanced in He) flow, and kept at steady-state for 2 h. Subsequently, temperature was decreased by 10 °C and maintained at the next value (i.e., 240 °C) for 1 h. This step was repeated until ultimately a temperature value of 150 °C was reached. Lastly, the samples were heated back to the initial set point (250 °C) to check for catalyst stability. Hydrogen production rates were measured at conversions below 15%.
Results and Discussion
Following our recent report on NiCu highly dilute alloys as good selective catalysts for ethanol dehydrogenation [4] , we investigate here the synthesis of novel single atom NiAu alloy catalysts both in supported and unsupported form, and examine their catalytic behavior under non-oxidative ethanol dehydrogenation reaction conditions. As presented below, Ni is atomically dispersed in Au and plays a key role in improving the catalyst stability and activity, without affecting its high selectivity. [59] , both for the reduced catalyst, where Ni diffuses below the catalyst surface, and after its use in the reaction when Ni diffuses back to the surface of Au (see XPS below). The possibility of Ni nanoparticles being formed cannot be eliminated by XRD measurements alone, as it is possible that their amount is too low to be detected. Using the Scherrer equation, the crystallite size in both Au NPs and NiAu NPs is 12 ± 1.3 nm.
Fresh Catalyst Characterization
The STEM (Fig. 2a) and HRTEM (Fig. 2b ) images in Table 1 . The surface area of the as prepared catalyst is 3.6 m 2 /g based on BET measurements. Figure 3a , b shows the photoemission features of Ni 2p and Au 4f of np-Ni 0.01 Αu before reduction, after reduction, and after the ethanol dehydrogenation reaction at 250 °C for 6 h. The surface NiΑu atomic ratio of the fresh sample is 0.011. It is worth clarifying that by fresh sample here, we refer to the sample that has been annealed at 500 °C for 1 h under H 2 balanced in Ar, as explained in the "Catalyst Synthesis" section, and has then been exposed to ambient conditions. After reduction under H 2 at 400 °C, the peaks corresponding to Ni 2+ and Ni 0 diminished dramatically, being almost flat, suggesting that the majority of Ni diffused to the subsurface of Au under H 2 -rich conditions [62] . Next, we observe an interesting phenomenon in the case of used sample at 250 °C, where the sole products of the reaction are acetaldehyde and hydrogen (Fig. 6b) . Ni peaks are clearly discernible again and the surface ratio of Ni:Au increases to 0.24. This is solid proof that the reactant, ethanol, is responsible for bringing Ni back on the surface and maintaining it there even under H 2 -rich conditions. The result suggests that the reactant is the reason that the catalyst gets activated, at temperatures even lower than 150 °C, as shown in TPSR data below, as Ni comes to the surface to boost the catalytic activity, when pure np-Au and Au NPs are not active (Fig. 5b) . A similar effect to ethanol was noticed under CO flow (not shown here), and is attributed to the previously reported ability of CO to bring Ni to the surface even at ambient temperatures [63] , despite the higher surface free energy of Ni over Au (2.45 and 1.5 J/m 2 respectively [64] ). The Ni:Au ratio in this case is equivalent to the case of ethanol. Regarding the oxidation state of the minority species, Ni 2p photoemission spectra indicate that even after keeping the catalyst in a reducing environment for prolonged periods, the peak corresponding to Ni 2+ is noticeable, which could be explained by the re-oxidation of metallic Ni that is known to occur readily during the catalyst exposure to air [65, 66] . It is also possible that Ni is not fully reduced, although H 2 -TPR data (not shown here) and CO-DRIFT spectra (see below) suggest that NiO is fully oxidized after 2 h of treatment. In order to study further the dispersion of Ni on supported Au NPs, in situ DRIFTS was employed using CO as the probe molecule. CO-DRIFT spectra for the pure Au NPs supported on SiO 2 in the CO related region (Fig. 4a) , show one peak at 2117 cm −1 , characteristic of atop Au 0 -CO modes [67] . CO is weakly adsorbed on the Au surface and its removal was complete after 20 min of purging with He. On the other hand, in the Ni 0.005 Au/SiO 2 CO-DRIFT spectra (Fig. 4b) , a shoulder appears around 2100 cm −1 in addition to the Au 0 -CO peak at 2117 cm −1 . This shoulder can be ascribed to sub-carbonyl species Ni 0 (CO) x with x = 2 or 3 [68] [69] [70] . Typically, peaks related to oxidized Ni 2+ or Ni + -CO adsorbed species appear around 2130-2200 cm −1 [69] , however, such peaks do not appear in the Ni 0.005 Au spectra. Thus, Ni is effectively reduced even though the reduction temperature was not higher than 350 °C and only Ni 0 is present in the surface. In addition, the absence of peaks in the 2050-2060 cm −1 region, which have been ascribed to linear CO adsorbed on Ni clusters [69] , indicates that atomic Ni dispersion has been achieved during the synthesis of the sample.
Catalytic Tests
The dynamic catalytic tests were performed over silica supported pure Au NPs and NiAu NPs with different ratios of Ni:Au (1:1000-1 :20) . Herein, we demonstrate the difference between the novel single atom alloys at Ni:Au ratio equal to 1:200 and samples containing higher Ni loading (1:20 Ni:Au). Figure 5a shows the temperature-programmed surface reaction (TPSR) of ethanol (2% balanced in He) on silica supported Ni 0.005 Au NPs at a heating rate of 4 °C/min. . CO adsorption took place at room temperature and spectra were recorded after removal of gaseous CO peaks upon He purging Selective production of hydrogen and acetaldehyde is clearly observed, proving the occurrence of ethanol dehydrogenation reaction on the sample. The ratio of the products is 1:1, as dictated by the stoichiometry, when no by-products are formed, and mass balance calculations indicate carbon closure close to 100% throughout the temperature window studied. For Ni 0.005 Au NPs, the formation of CO is negligible up to 280 °C, indicating a nearly 100% selectivity to acetaldehyde, which is identical to the observation on Au NPs. Tests performed at 350 °C, show that ethanol has been fully consumed (100% conversion), but a considerable amount of CO and CH 4 is produced, resulting in lower selectivity (approximately 70%). It has been reported that Ni NPs are active for the ethanol decomposition reaction, with CO and H 2 being the dominant products, particularly at temperatures higher than 300 °C. Therefore, the TPSR data suggest that for Ni 0.005 Au NPs, CO is produced from Ni clusters or nanoparticles that were formed at that high temperature. This is the result of the high mobility of Ni atoms on the Au surface, an expected behavior [49, 71] . Despite that, we suggest that the dominant species on the Au surface is still Ni atoms, since the effluent gas largely consists of acetaldehyde and hydrogen (> 70% selectivity). At lower temperatures Ni remains as isolated atoms in Au, without forming clusters or nanoparticles. These observations are consistent with the CO-DRIFT spectra shown below for the used catalyst (Fig. 11) .
Ethanol TPSR on Ni 0.05 Au/SiO 2 ( Fig. 5b) shows no gain in catalyst activity, as the light-off temperature barely drops by approximately 5 °C, compared to Ni 0.005 Au/SiO 2 . This slight gain is outbalanced by the significant drop in selectivity, even at very low temperatures (220 °C), ultimately yielding a very narrow operating temperature window. This drop is explained by the dominance of the ethanol decomposition, which results in the production of high amounts of CO in the gas phase, while the acetaldehyde concentration drops dramatically at 250 °C and gets completely depleted at 280 °C. At these temperatures, the catalyst does not facilitate the selective dehydrogenation of ethanol to acetaldehyde, but rather the 100% conversion of ethanol to CO, H 2 and CH 4 . It is worth mentioning that under no conditions did we observe coupling of ethanol with acetaldehyde to ethyl acetate, or any production of acetic acid or ethylene that has been reported on other Au-based catalysts [72] [73] [74] .
Ethanol TPSR measurements on np-Αu and np-Ni 0.01 Αu catalysts further corroborate the promotion effect of Ni on the catalytic activity. TPSR data show that the nanoporous catalysts exhibit a similar selectivity to supported Ni 0.005 Au/ SiO 2 (Fig. 5a) , i.e. the only products are acetaldehyde and H 2 , with CO appearing only above 280 °C. The light-off temperature for the reaction decreases to ~ 140 °C for npNi 0.01 Au (Fig. 6b) , compared to ~ 300 °C for pure np-Au (Fig. 6a) . The results for np-Au are in good agreement with published reports on supported Au NPs, where an increase in size appears to have an adverse effect on catalyst activity [50] . Figure 7 shows stability tests of the nanoporous np-NiAu in ethanol dehydrogenation reaction at 300 °C. Note that the samples become increasingly stable with the addition of Ni onto Au surfaces, as the loss in activity due to gold particle coarsening is decreased, as shown above in the SEM images of the annealed samples in the case of low Ni loading; Fig. 2d-g . Interestingly, the Ni-containing unsupported np-NiAu does not exhibit significant deactivation after 6 h in ethanol dehydrogenation reaction at 300 °C. Moreover, we can clearly observe the enhanced stability of the samples that contain higher amounts of Ni, especially np-Ni 0.01 Au, since the latter shows practically no deactivation. Figure 8 shows a long-term stability test of Ni 0.005 Au/ SiO 2 in the ethanol dehydrogenation reaction at 250 °C for Reaction rate measurements were performed under steady state conditions, aimed at measuring the apparent activation energy of the ethanol dehydrogenation reaction over both pure Au NPs and NiAu SAAs (Ni 0.002 Au/SiO 2 and np-Ni 0.001 Au/SiO 2 ). The measured hydrogen formation rates normalized by the surface area of Au, for each catalyst, are shown on the Arrhenius-type plot (Fig. 9) . The apparent activation energy value obtained for monometallic Au NPs is 96 ± 3 kJ/mol, while for Ni 0.002 Au NPs and np-Ni 0.001 Αu it is 61 ± 2 kJ/mol and 59 ± 5 kJ/mol, respectively. Clearly, adding a small amount of Ni to Αu significantly decreases the apparent activation energy of the reaction, improving the activity of gold. On the other hand, we observe a similar apparent activation energy for the unsupported np-Ni 0.001 Au to the supported Ni 0.002 Au NPs, indicating similar intrinsic catalytic activity for the nanoparticles and the nanoporous structure. 
Characterization of Used Catalysts
We conducted post-reaction characterization of the samples to test the stability of their structure. TEM imaging (Fig. 10) of the supported NiAu NPs tested at a higher temperature than the typical conditions, i.e., at 350 °C for 8 h, show a mean particle size of 15 ± 2 nm, a small increase compared to the fresh samples. This result proves the stability of the structure with respect to sintering, an effect induced by the Ni doping of Au. While Fig. 2d-g already show this for the simple annealing tests of the np-NiAu alloys, here we see that the stabilization imparted by nickel holds also under the reaction conditions. This warrants further investigation. Surface changes that are induced by ethanol dehydrogenation reaction at two different temperatures, namely 250 and 300 °C, were also monitored by CO-DRIFTS. In the corresponding spectra of the used catalyst at 250 °C (Fig. 11a) , the two characteristic peaks of the modes Au 0 -CO and Ni 0 (CO) x are observed at 2117 and ~ 2100 cm −1 , respectively. The only observable difference between this sample and the corresponding fresh one (Fig. 4b) , is the greater distribution of CO adsorbed modes as it can be derived from the greater full width at half maximum (FWHM) of both peaks (2117, ~ 2100 cm −1 ). On the other hand, when NiAu SAAs were used for the ethanol dehydrogenation reaction at 300 °C (Fig. 11b) , apart from the broadening of the previously observed peaks, a relatively strong additional peak centered at 2055 cm −1 can be observed. As mentioned above, this peak indicates the formation of small Ni clusters on the catalytic surface upon reaction at this temperature [69] , which explains the drop in selectivity observed in the TPSR measurements (Fig. 5a ). These results demonstrate that even though XPS analysis of used samples at 250 °C showed increased Ni amounts on the Au surface, there is still no noticeable peak attributed to Ni-Ni bonds, that is Ni remains in the form of isolated atoms during the reaction at that temperature. On the contrary, at higher temperatures Ni forms clusters or NPs on the Au surface with a concomitant drop in the selectivity to acetaldehyde.
On the basis of these findings, we conclude that the NiΑu SAAs containing single isolated Ni atoms are the active catalysts, producing hydrogen and acetaldehyde even below 150 °C. Ethanol conversion reaches 40% at 280 °C (GHSV = 7500 mLg −1 h −1 ), while the selectivity remains 100% up to this temperature. Enhanced structural stability, compared to monometallic Au, allows for prolonged use under reaction conditions without any apparent drop in activity. Despite the fact that hydrogen drives most of Ni into the sub-surface region during the catalyst reduction step, ethanol effectively brings it back to the surface. Thus, the latter is responsible for activating the catalyst even at low temperatures and keeping Ni on the surface during the reaction and in the presence of the hydrogen produced during the reaction. Although Αu NPs have been reported to be selective, they have low activity for this reaction, manifested at high temperatures. As for the monometallic supported Ni catalysts, the prevailing reaction is the decomposition of ethanol, while they tend to deactivate quickly [74] . The kinetic measurements identified a significant drop in activation energy values between bare Au NPs and NiAu SAAs. This behavior is indicative of an electronic effect induced by Ni in the Au surface, which affects directly the reaction mechanism. Most importantly, the improved activity and stability induced by Ni comes at no expense of the gold selectivity. Specifically, we have demonstrated that when Ni is atomically dispersed on Αu, ethanol is selectively converted to acetaldehyde and hydrogen. Therefore, we show that with Ni in the form of single atoms in the Au surfaces, we can activate the O-H and C-H bond of the reactant molecule, leaving the C-C bond intact. This suggests that the isolated Ni atoms can act as the exit route for hydrogen recombination. Clearly, surface science studies are needed to complement the catalytic findings of this work, as they may identify the preferred location of Ni atoms on different gold facets with a different type of surface defects.
Conclusions
In this work, we have investigated the effect of the addition of a small amount of Ni on either silica supported Au nanoparticles or unsupported nanoporous Au. The atomic dispersion of Ni in the Au surfaces was verified by CO-DRIFTS, while the ability of ethanol to bring out sub-surface nickel and keep it on the surface during reaction was demonstrated by XPS. The activation of the catalyst by the reactant results in a material active under ethanol dehydrogenation conditions at temperatures remarkably lower than for pure Au catalysts. Not only did atomic Ni doping lead to a decrease of the activation energy of the reaction, but was also capable of stabilizing the catalyst morphology. Thus, these newly synthesized single atom alloys of Ni and Au are shown to be active, selective and stable catalysts for the non-oxidative ethanol dehydrogenation reaction. The use of this novel material is not limited only to alcohol dehydrogenation conditions, but could potentially be applied to a broad range of selective reactions, including hydrogenations and oxidations. Lastly, the combined study of the supported and unsupported catalysts provides better insights into the rational design and synthesis of novel materials for this type of reactions.
